Clinker burning process has a decisive influence on energy consumption and the cost of cement production. A new problem is to use the process of decarbonization of alternative fuels from waste. These issues are particularly important in the introduction of a two-stage combustion of fuel in a rotary kiln without the typical reactor-decarbonizator. This work presents results of numerical studies on thermal-hydraulic phenomena in the riser chamber, which will be designed to burn fuel in the system where combustion air is supplied separately from the clinker cooler. The mathematical model is based on a combination of two methods of motion description: Euler description for the gas phase and Lagrange description for particles. Heat transfer between particles of raw material and gas was added to the numerical calculations. The main aim of the research was finding the correct fractional distribution of particles. For assumed particle distribution on the first stage of work, authors noted that all particles were carried away by the upper outlet to the preheater tower, what is not corresponding to the results of experimental studies. The obtained results of calculations can be the basis for further optimization of the design and operating conditions in the riser chamber with the implementation of the system. Keywords: Two-phase flow; Precalcination; Particle distribution; CFD 
Introduction
Industrial installations for clinker production have a very complex structure and they are difficult to analyses by theoretical methods [1] . One of the most important elements of this installation is precalciner, where is the initial stage of the raw material calcination [2, 3] . After being prepared, the row mixture goes into the pyroprocessing system. This system consists of a preheater tower, a calciner and a dry rotary kiln. The raw meal is fed in at the top of the preheater tower and passes through the series of cyclones in the tower. Hot gas from the kiln and, often, hot air from the clinker cooler are blown through the cyclones. Heat is transferred efficiently from the hot gases to the raw meal. The main part of the work is modeling the phenomena flow in the chamber with a typical construction. Gas-particle multiphase flow in some kind of precalcination chamber is considered. The particle size distribution in inlets to precalciner chamber has an influence on heat and mass transfer between particles and gas. As a result of sieve analysis of raw material and Rosin-Rammler-Sperling calculation method [4] , authors obtained a particle size distribution and this was assumed in the early stage of calculations. The Euler-Lagrange description is used for many different flow problems from large to small objects [5] [6] [7] [8] . Due to Euler-Lagrange description used for the calculation, it was necessary to set the correct fractional distribution of particles. For assumed particles distribution, authors noticed that all particles were carried away by an upper outlet to the preheater tower. Sieve analysis was made for particles after cooling to room temperature. This situation creates a risk that during the sieving process particle were crushed and sieve residues do not represent the fractional composition of raw material in a real flow. The possibility of particles coagulation increases with the temperature. Because of that, particles from cyclones IV may have larger diameters than those from cyclones III. The authors proposed a method based on the increase of the upper range of particle diameters. Because of the impossibility to determine the true particles size distribution by measurements, therefore authors used the method of gradually increasing particle diameters [9] . Thermalhydraulic processes in precalciner installation are presented in the following parts of the work. Presented results are first stage works on the formation and emission of pollutants especially NO x and CO 2 to the atmosphere. 
Method of calculations
In order to realize numerical calculations, the mathematical model containing equations of motion for the gaseous phase and particles was formulated. The gas motion was described with the Euler description, and the particle motion -by the Lagrange description. To analyze the motion of the gasparticle polydispersive mixture, in this paper the method was applied of the particle source in cell (PSI-Cell) [10] [11] [12] . Numerical calculations are based on the following assumptions: considered flow is stationary, without phase changes, and both phases are incompressible. Gas motion is described in the uniform, generalized conservative form, isolating convection, diffusion and source components. In a consequence we obtain
where φ is a generalized dependent variable, Γ φ is the coefficient of diffusion transport, and the source term S φ contains all the remaining components of the differential equations [10] . The coefficients Γ φ and S φ are dependent on the variable φ. The fundamental equations of continuum mechanics are based on the conservation laws for mass, momentum, and energy. In the PSI-Cell method, it is assumed that particles of the disintegrated phase are the sources of mass, momentum and energy occurring as additional components S φ p in equations of the continuous (gaseous) phase.
The system of equations is accompanied by suitable boundary and initial conditions. This system of partial differential equations is nonlinear. Particular equations are coupled, so they have to be solved with special numerical techniques.
In order to calculate turbulence, the k-ε model was used. The standard k-ǫ model is a semiempirical model based on model transport equations for the turbulence kinetic energy k and its dissipation rate ε. The exact k-ε equations contain many unknown and unmeasurable terms. The much more practical approach, the standard k-ε turbulence model is used which is based on the best understanding of the relevant processes, thus minimizing unknowns and presenting a set of equations which can be applied to a large number of turbulent applications [13] . In the derivation of the k-ε model, it was assumed that the flow was fully turbulent, and the effects of molecular viscosity were negligible. The standard k-ε model is therefore only valid for fully turbulent flows [3] . The turbulence kinetic energy, k, and its rate of via free access dissipation, ε, are calculated from the following transport equations [14] :
In these equations, G k represents the generation of turbulence kinetic energy due to the mean velocity gradients, G b is the generation of turbulence kinetic energy due to buoyancy. Y M represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, C 1ε , C 2ε , and C 3ε are constants. σ k and σ ǫ are the turbulent Prandtl numbers for k and ε, respectively. S k and S ǫ are user-defined source terms. The turbulent (or eddy) viscosity µ t is computed by combining k and ε as follows:
The model constants have the following default values: C 1ε = 1.44, C 2ε = 1.92, C µ = 0.09, σ k = 1.0 and σ ε = 1.3. The particle trajectory should be known during calculation of the mentioned above source components of differential equations. The particle trajectory is calculated according to its equation of motion [14] . If the phase density difference is large, the equation of particle motion can be written as
The right part of the equation includes the shear lift force determined on the basis of Saffman's analytical considerations. The local velocity of the gas is determined by
while a factor f (Re p , Re s ) is described by the relationship
for 
where
The trajectory equations, and any auxiliary equations describing heat or mass transfer to/from the particle, are solved by stepwise integration over discrete time steps. Integration of time in equation yields the velocity of the particle at each point along the trajectory, with the trajectoty itself predicted by:
The radiative heat transfer and the effects of particle radiation from the limestone particles are modeled with the P-1 radiation model [14] [15] [16] :
where the term on the left hand side represents the change of the incident radiation. The first term on the right hand side represents the absorption, from the continuous phase and the particles, and the second term on the right hand side represents the emission, again from the continuous phase and the particles. For the particle emission E p the following correlation is used:
while the particle absorption coefficient is calculated as
where N is the amount of particles, and ∆V is the control volume. The diffusion coefficient, Γ, is calculated as
and for the particle scattering factor, σ p , the following correlation is used: The source term that is directly introduced into the enthalpy equation as a radiative heat source is calculated as follows:
Equations presented above were solved with the using ANSYS Fluent Package [17] .
Results
The outlet from the kiln is the source of gas produced during the combustion of fuel and chemical transformation of raw material in the high temperature. The same cross-section is treated as an outlet for calcined material. Raw material is supplied from two inlets. In the following descriptions, raw material inlets from cyclones III and VI are called upper and lower inlets, respectively, regarding outlets inlet from kiln and outlet to cyclones, are called lower and upper outlets. Fig. 1 presents calculation domain with the information about inlets, outlets, and geometrical shape of the chamber. In order to perform the calculations, authors adopted the boundary conditions, which are shown in Tab. 1. advantage of this solution is its lower price. The particle size distribution in inlets to the precalciner chamber has an influence on heat and mass transfer between particles and gas. As a result of sieve analysis of raw material and Rosin-Rammler-Sperling [4] calculation method, the authors obtained a particle size distribution as shown in Fig. 2 . This distribution was assumed in the early stages of calculations. Due to Euler-Lagrange description used for the calculation, it was necessary to set the correct fractional distribution of particles. For assumed particles distribution, authors noted that all particles were carried away by an upper outlet to preheater tower (Fig. 1) . Sieve analysis, shown in Fig. 2 , was made for particles after cooling to room temperature. Figure 3 presents distributions of the gas velocity modulus in the considered geometry. Due to incorrect particle distribution as a result of sieve analysis of raw material and Rosin-Rammler-Sperling calculation method, to reach from the initial ranges of diameters (basic d in Tab. 2), corresponding to the mass distribution between the upper and lower outlets, about 20 steps in the search for the appropriate range were made. In final series of the results, upper limits of the particle diameters from the upper and lower inlets were set to 1500 µm and 2900 µm, respectively. This range was used as a correct for final calculations [9] . From this moment numbering of the particle is related to a basic diameter from the sieve analysis and actual particle diameters for upper and lower inlets as in Tab. 2 [9] . Table 2 : Corrected values of particle diameters (d) of raw materialand flow rates (M ) for upper (U ) and lower (L) inlets. By scaling the particle diameters we can observe, that the mass flow rate reaching directly to the kiln and returning to the heat exchangers tower was significantly changed. After changing the range of diameters to 15-2900 µm, large diameter particles fall into the rotary kiln, while the remaining fractions are carried away to the outlet from the chamber. Figure 4 presents temperature distribution in the precalciner chamber for two ranges of temperature. Figure 5 shows the results of particle trajectory calculations delivered to the system from the upper and lower inlets for particles P03, P18 and for all consider particles. Analysis of Fig. 5 lead to the conclusion that the largest particles end up in the lower outlet, the via free access smallest in the upper outlet. For all particles from the two inlets, mass flow rate is distributed in the ratio 27.01% to 72.99% for the upper and lower outlets, respectively. In Fig. 5 can be seen that the particles are concentrated in small areas in the center of geometry and close to the wall of the chamber. This is due to the fact that almost all of the particles from the lower inlet flow down along the chamber wall in the form of 'rope' and get into a lower outlet, which results in free motion of the gas phase [18, 19] . Further analysis of the presented case allows the assessment of certain dependence more accurately than with the enclosed drawings. Analyzing raw material flow rate and fractions through the upper and lower outlets it can be seen that the particle fraction P01-P03 goes entirely through the upper one. Particles P04 in a 93% goes to the upper outlet. Fraction of particles P08 goes mostly to the outlet of the kiln chamber at a bottom. In total, the upper outlet goes to 27.01%, and 72.99% to the lower, which is consistent to the experimental results. Presented results are good base to further works on the formation and emission of pollutants especially NOx and CO 2 to atmosphere. Additional aim of the future works ought to be investigation of the heat and mass transfer during thermal decomposition of a single solid particle of raw lime material [20] . In order to implement appropriate conditions it is required to incorporate appropriate procedures in the form of so-called user-defined functions (UDF) in Fluent [17, 21] .
Comparison of Figs. 3 and 6 leads to the conclusion that in areas with larger particle concentration gas velocity is smaller due to the blocking of these areas. Comparison of Fig.4 and 6 leads to the conclusion that in areas with larger particle concentration gas temperature is smaller due to the more intensive radiative heat exchange between gas and particles in these areas. Table 3 shows the average residence time of the particles and normalized temperature differences for each fraction in the precalciner chamber. For particles that reach the lower section of the outlet, it is noted a shortening of the residence time with increasing particle size. The residence time in the chamber of the particles P09 from cyclones III reaching the upper outlet cross-section exhibits a maximum.
Particles P01-P03 reach the upper section from cyclone III and have the shortest residence time in the chamber. Due to the fact that the particles get to the areas with high-speed values in the vertical direction, the path between the inlet and outlet are the shortest. The temperature difference between the temperature of the outlet section and the raw material chute section was normalized relative to the temperature of 1100 K. The temperature of the raw material particles of lime supplied with cyclones third degree was 1000 K, while the fourth degree of the cyclones was 1100 K. The particles reaching the lower section of the exhaust heat more effectively than others.
Conclusions
At an early stage of the study, authors found that the particle diameter distribution obtained from the sieve analysis used as one of the conditions for modeling gives a completely incorrect distribution of the mass in the lower and upper outlet of the precalciner in rotary kiln system. Authors found that incorrect distribution is the result of a conglomeration of particles of lime raw material, which is formed by a high temperature in the flow system. This has created a need to solve the inverse problem, which aimed at selecting a proper distribution of particle diameters. The number of numerical calculations used at this stage gave the effect of the mass distribution between top and bottom of the chamber similar to the obtained from the experimental observations. In order to achieve the separation of the particles mass flow in the correct proportions, authors made series of numerical calculations, for which the fractional distribution of the particles was modified. By scaling the particle diameters it could be observed, that mass flow rate reaching directly to the kiln and returning to the heat exchangers tower were significantly changed. After changing the range of diameters to 15-2900 µm, large diameter particles fall into the rotary kiln, while the remaining fractions are carried away to the outlet from the chamber. Authors conclude that finding diameter distribution is required in order to obtain the separation of the mass between the top and bottom outlet of the precalciner at a ratio of 30/70%. The article presentes real particle diameters and mass flow rates for correct distribution, which was used on the final stage of calculations. Moreover temperature of the parti- cle, which is a function of ambient temperature and the residence time of the particles in the zones of sufficiently high-temperature influence on the limestone calcination effectiveness. Obtained results present possibilities of numerical calculations to recognize resident time of particle in precalciner chamber and particle temperature as an effect of radiative hest exchange between gas and limestone particles.
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